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(54) STEEL MATERIAL HAVING HIGH DUCTILITY AND HIGH STRENGTH AND PROCESS FOR 
PRODUCTION THEREOF 



(57) A steel product having a structure composed 
mainly of ferrtte or ferrite plus pearlite or ferrite plus 
cementite. A steel pipe produced from this steel product 
by rolling at a ferrite recrystallization temperature such 
that the reduction of area is greater than 20%. This steel 
pipe is characterized by grain size not greater than 3 
urn, preferably not greater than 1 \im t elongation greater 
than 20%, tensile strength (TS : MPa) and elongation 
(El : %) whose product is greater than 10000, and per- 
cent ductile fracture greater than 95%, preferably 100%, 



measured by Charpy impact test on an actual pipe at - 
100°C. The structure is characterized by C : 0.005- 
0.03%, Si : 0.01-3.0%, Mn : 0.01-2.0%. and Al : 0.001- 
0.10% on a weight basis, and is composed of fenrte or 
ferrite and a secondary phase, with ferrite grains being 
not greater than 3 pm and the secondary phase having 
an area! ratio not more than 30%. The steel pipe is pro- 
duced from a steel pipe stock having the above-men- 
tioned composition by heating at a temperature of ( Ac^ 
+ 50°C) to 400°C and subsequently performing reduc- 
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ing on it at a rolling temperature of (Aq + 50°C) to 400°C such that the cumulative reduction of diameter is greater than 
20%. The. reducing ispreferably performed such that at least one of rolling passes reduces the diameter by more than 
6% per pass. The steel pipe will have high ductility and high strength arid will be superior in toughness and stress cor- 
rosion cracking resistance, if the content of Q, Si, Mn, and other alloying elements is limited low and reducing is per- 
formed at the temperature specified above. The resulting steel pp£' has good fetigue resistance and is suitable for use 
as line pipe. \ ; r, .?;. 

FIG . 2 
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O e=aJ0Os" 1 (PULLED AT A HKSH SPEED) 
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Description 
Technical Field 

5 [0001] The present invention relates to a steel product which has high strength and high ductility and is superior in 
toughness and resistance to collision and impact, particularly a steel product such as steel pipe, wire rod, steel bar, 
steel section, steel plate, and steel strip, having fine crystal grains, and also to a process for production thereof. 



Background Art 

10 

[0002] Common practice to increase the strength of a steel product is to add an alloying element such as Mn and Si. 
to perform heat treatment such as controlled rolling, controlled cooling, quenching, and tempering, and to add a precip- 
itation hardening element such as Nb and V. However, what is required of steel products is not only high strength but 
also high ductility and high toughness. There has been a demand for a steel product which has well-balanced strength 
75 and ductility/toughness. 

[0003] Making grains finer is one of a few important means to improve both strength and ductility/toughness. This is 
accomplished by performing austentte-ferrite transformation from fine austenite while preventing austenite grains from 
becoming coarse, thereby giving fine ferrite grains, by working which makes austenite grains finer, thereby giving fine 
ferrite grains, or by utilizing martensite and lower bain'rte that result from quenching and tempering. . 

20 [0004] One of these methods in general use for steel production is controlled rolling which consists of strengthening 
in the austenite region and its ensuing austenite-ferrite transformation to give rise to fine ferrite grains. Another way in 
practice is to add a trace amount of Nb which suppresses the recrystaDization of austenite grains, thereby yielding finer 
ferrite grains. Working at a temperature at which austenite does not yet recrystallize permits austenite grains to grow, 
giving rise to the deformation zone in grains, and finer ferrite grains occur from this deformation zone. A recent practice 

25 to obtain finer ferrite grains is controlled cooling that is carried out during or after working. 

[0005] The above-mentioned methods, however, need rebuilding of the existing facilities and considerable remodeling 
of the current process in the production of steel products, such as steel pipes, having improved collision and impact 
resistance required for better automotive safety, an ever increasing demand. Therefore, they are economically unfeasi- 
ble. 

30 [0006] In the meantime, steel products for line pipe need resistance to stress corrosion cracking by sulfides, and this 
object is achieved by hardness control through the reduction of impurities or the adjustment of alloying elements. In 
addition, conventional practices to improve fatigue resistance include heat treatment such as thermal refining, induc- 
tion hardening, and carburizing, and addition of a large amount of expensive alloying elements such as Ni, Cr, and Mo. 
The disadvantage of these methods is poor weldability and high production cost 

35 [0007] Steel pipes of small to medium diameter are produced mainly by electric resistance welding with high fre- 
quency current The process for their production consists of continuously feeding a flat strip steel, making it into a pipe 
stock using a forming roll, heating the opposing edges of the pipe stock to a temperature above the melting point of steel 
by means of high frequency current and butt-welding the heated edges by means of squeeze rolls. 
[0008] This process, however, has a disadvantage of requiring rolls that conform to the dimensions of the desired 

40 steel pipe; therefore, it is not suitable for multi-product production in small lots. 

[0009] In order to address this problem, there has been proposed a new process in, for example, Japanese Patent 
Publication No. 24606/1990. This process consists of heating a flat strip steel in a preheating furnace and a heating fur- 
nace, making the strip steel into a pipe by electric resistance welding, heating the pipe to a temperature above the A 3 
transformation point and rolling the heated pipe by a reducing mill so that it has a predetermined outside diameter. 

45 [0010] This process, however, poses problems due to heating above A3 point Heating gives rise to scale which is 
bitten during rolling. Heating also makes crystal grains coarse, aggravating the ductility, strength, and toughness of the 
resulting steel pipe. 

[0011] A cold sizing process has been proposed in Japanese Patent Laid-open No. 33105/1988. This process is 
designed to reduce the outside diameter of a hollow pipe stock, such as seamless steel pipes and electric welded pipes, 

so in the cold state by using a series of reducing mills, each consisting of three rolls. The disadvantage of this process is 
the necessity of a large-scale mil! to withstand high loads due to cold rolling and the necessity of a lubricating facility to 
prevent rolls from seizing. In addition, cold rolling gives rise to working strain, which aggravates ductility and toughness. 
[0012] It is an object of the present invention, which was completed to address the above-mentioned problems, to 
provide a steel product and a process for production thereof, said steel product being superior in ductility, strength. 

55 toughness, and resistance to collision and impact owing to fine ferrite crystal grains. 
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one or more selected from REM not more than 0.02% and Ca not more than 0.01%, with the remainder being Fe 
and unavoidable impurities. 

[0024J The above-mentioned composition may be C 0.005-0.30%, Si 0.01-3.0%, Mn 0.01-2.0%, AI 0.001-0.10%, and 
5 one or more selected from Cu not more than 1%, Ni not more than 2%, Cr not more than 2%, and Mo not more than 
1% and one or more selected from Nb not more than 0.1%, V not more than 0.3%, Ti not more than 0.2%, and B not 
more than 0.004%. 

[0025] Theabcve-mehtioned composition may be C 0.005-0.30%, Si 0.01-3.0%, MnO.01-2.0%, AI 0.001-0.10%, and 
one or more selected from Cu not more than 1%, Ni not more than 2%, Cr not more than 2%, and Mo not more than 
10 1% t and one or more selected from REM not more than 0.02% and Ca not more than 0.01%, with the remainder being 
Fe and unavoidable impurities. 

[0026] The above-mentioned composition may be C 0.005-0.30%, Si 0.01 -3.0%, Mn 0.01 -2.0%, AI 0.001 -0.10%,and 
one or more selected from Nb not more than 0.1%, V not more than 0.3%, Ti not more than 0.2%, and B not more than 
0.004%, and one or more selected from REM not more than 0.02% and Ca not more than 0.01%, with the remainder 

75 being Fe and unavoidable impurities. 

[0027] Moreover, the above-mentioned composition may be C 0.005-0.30%, Si 0.01-3.0%, Mn 0.01-2.0%, AI 0.001- 
0.10%, one or more selected from Cu not more than 1%, Ni not more than 2%, Cr not more than 2%, and Mo not more 
than 1%, one or more selected from Nb not more than 0.1%, V not more than 0.3%, Ti not more than 0.2%, and B not 
more than 0.004%; and one or more selected from REM not more than 0.02% and Ca not more than 0.01%, with the 

20 remainder being Fe and unavoidable impurities. 

[0028] The present invention also covers a process for producing a steel pipe with high ductility and high strength, 
said process comprising heating a pipe stock having any of the above-mentioned compositions at (ACi + 50°C) to 
400°C, preferably 750-400°C, and reducing the heated pipe stock at ( te^ + 50°C) to 400°C, preferably 750-400°C, such 
that the cumulative diameter reduction ts 20% or more. The rolling is preferably carried out such that at least one pass 

25 reduces the diameter by 6% or more per pass and the cumulative diameter reduction is 60% or more. In addition, the 
reducing mentioned above is preferably carried out by the aid of lubrication. 

[00291 The present inventors also found that the above-mentioned process permits the production of a steel pipe with 
high strength and high toughness and superior resistance to stress corrosion cracking if the composition of the pipe 
stock is specified in an adequate range. This finding led the present inventors to conceive to utilize the process for the- 
30 production of line pipes. 

[0030] Line pipes conventionally have the content of impurities, such as S, reduced and the hardness controlled by 
means of alloying elements for improvement in resistance to stress corrosion cracking. Such conventional methods are 
limited in strengthening and pose a problem with high production cost Specifying the composition of the pipe stock in 
an adequate range and performing the reduction in the ferrite recrystallizing region yield a line pipe with high strength 
35 and high toughness, owing to dispersed fine ferrite and fine carbide, superior in resistance to stress corrosion cracking 
resistance due to limited alloying elements, leading to reduced hardening by welding and less crack generation and 
propagation. 

[0031 ] Accordingly, the present invention covers a process for producing a steel pipe superior in ductility and resist- 
ance to collision and impact as well as resistance to stress corrosion cracking resistance, said process comprising heat- 

40 ing a pipe stock at (Ac-i + 50°C) to 400°C, preferably 750-400°C, and reducing the heated pipe stock at (Acj + 50°C) to 
400°C, preferably 750-400°C, such that the cumulative diameter reduction is 20% or more, said pipe stock having a 
composition of C 0.005-0.10%, Si 0.01-0:5%, Mn 0.01-1.8%, AI 0.001-0:10%, one or more selected from Cu not more 
than 0.5%, Ni not more than 0.6%, Cr not more than 0.5%, and Mo not more than 0.5%, and one or more selected from 
Nb not more than 0.1%, V not more than 0.1%, Ti not more than 0.1%, and B not more than 0.004%, or further one or 

45 more selected from REM not more than 0.02% and Ca not more than 0.01%, with the remainder being Fe and unavoid- 
able impurities. 

[0032] The present inventors also found that the above-mentioned process permits the production of a steel pipe with 
high strength and high toughness and superior fatigue resistance if the composition of the pipe stock is specified in an 
adequate range. This finding led the present inventors to conceive to utilize the process for the production of steel pipes 
so with high fatigue resistance. Specifying the composition of the pipe stock in an adequate range and performing the 
reduction in the ferrite recrystallizing region yield a steel pipe with high strength and high toughness, owing to dispersed 
fine ferrite and fine precipitation, superior in fatigue resistance due to limited alloying elements, leading to reduced hard- 
ening by wekfing and less crack generation and propagation. 

[0033] Accordingly the present invention covers a process for producing a steel pipe superior in ductility and strength 
55 as well as fatigue resistance, said process comprising heating a pipe stock at (Act + 50°C) to 400°C, preferably 750- 
400°C, and reducing the heated pipe stock at (A&, + 50°C) to 400°C, preferably 750-400°C, such that the cumulative 
diameter reduction is 20% or more, said pipe stock having a composition of C 0.06-0.30%, Si 0.01-1 .5%, Mn 0.01 -2.0%, 
and AI 0.001-0.10%, with the remainder being Fe and unavoidable impurities. 
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thai the austenitic change is 25% or less. 

[0039] The rolling temperature is restricted to a range in which ferrite recrystallization takes place. In the present 
invention, this range is preferably 400-750°C, depending on the chemical composition of the steel blank used. Rolling 
at a temperature higher than this range gives rise to a two-phase structure of ferrite plus austentte containing a large 

5 amount of austentte or a single-phase structure of austenite. The resulting product does not have the structure com- 
posed mainly of ferrite or ferrite plus pearlite or ferrite plus cementite. On the other hand, rolling at a temperature 
exceeding 750°C causes ferrite grains to grew remarkably after recrystallization. This is detrimental to the desired fine 
grains not greater than 3 urn, preferably not greater than 2 fim. Rolling at a temperature lower than 400°C is difficult to 
carry out due to blue shortness, with decrease in ductility and toughness on account of insufficient recrystallization and 

to residual deformation strain. Therefore, the rolling temperature is 4O0-750°C, preferably 560-720°C, nore preferably 
600-700°C. At 560-72O°C, the grain size will be not greater than 1 ym, and at 600-700°C. the grain size will be not 
greater than 0.8 jim. Fig. 3 schematically shows the relation between the grain size and the rolling temperature (at the 
start and end of rolling). 

[0040] Rolling is carried out such that the reduction of area is greater than 20%. In the present invention, the reduction 
is of area is defined as the value calculated by the formula (A 0 - A)/A x 1 00 / where Aq is the cross sectional area before 
rolling and A is the cross sectional area after rolling. With a reduction of area less than 20%, rolling does not make 
recrystallized grains finer because of insufficient strain. The reduction of area is preferably greater than 50%. 
[0041] After rolling, the steel product is cooled to room temperature. Cooling may be natural air cooling or any of 
known forced air cooling, water cooling, and mist cooling. The latter is desirable to suppress the growth of grains. The 
20 cooling rate is preferably greater than 1 °C/s. 

[0042] An appropriate rolling method may be selected according to the shape of the stock. For steel pipe stocks, 
reducing by means of a plurality of grooved rolls, called as a reducer, is desirable. Stocks adequate for this process 
include electric resistance welded pipes, forge-welded steel pipes, and solid phase pressure-welded steel pipes. 
[0043] According to the present invention, rolling is carried out with lubrication. Lubricated rolling ensures uniform dis- 
ss tribution of strain and grain size in the thickness direction. Rolling without lubrication tends to cause concentrated strain 
in the surface and uneven grain size distribution in the thickness direction: Ordinary rolling oils, such as mineral oil and 
synthetic ester, may be used for lubricated rolling. They are not specifically restricted. 

[0044] The above-mentioned process yields a high-toughness, high-ductility steel product which has a structure com- 
posed mainly of ferrite or ferrite plus pearlite or ferrite plus cementite, and which has an average grain size not greater 
30 than 3 pm, preferably not greater than 1 urn, in the cross section perpendicular to the lengthwise direction of the steel 
product The steel product of the present invention may have a structure which contains not more than 30% of bainite 
in addition to ferrite, pearlite, and cementite. The steel product will increase in strength but decrease in toughness and , 
ductility if it contains bainite more than specified above and martensrte. 

[0045] With an average grain size in excess of 3 urn, the steel product will lose a balance between strength and tough- 
35 ness/ductility; that is, it does not meet the requirement that elongation is 20% or more and the product of tensile 
strength (TS: MPa) and elongation (El: %) is 10000 or more. A large a/erage grain size leads to brittle cracking that 
occurs in the cross section in the lengthwise direction of the steel pipe during Charpy impact test at -1 00°C. This implies 
a failure to meet the requirement for toughness that the percent ductile fracture is 95% or more, preferably 100%: With 
an average grain size not greater than 3 jim, preferably not greater than 1 *im, the steel pipe is less vulnerable to brittle 
40 cracking in the cross section perpendicular to the lengthwise direction and is superior in toughness. 

[0046] The process of the present invention for producing steel products will be described in more detail in the follow- 
ing, with stress placed on steel pipes. 

[0047] The present invention employs steel pipes as the stock. There are no specific restrictions on the process of 
producing steel pipe stocks. Adequate examples include electric resistance welded steel pipes produced by. electric- 
45 resistance with high frequency current solid-phase pressure-welded steel pipes produced by pressure welding after 
heating edges to a temperature suitable for solid-phase pressure-welding, forge-welded steel pipes, and seamless steel 
pipes produced by Mannesmann piercing rolling. 

[0048] The following explains the reason why the chemical composition is restricted for the steel pipes as stock and 
product 

50 

C : 0.005-0.30% 

[0049] C is an element which dissolves in the basic metal to form a solid solution or precipitates in the form of carbide 
in the basic metal, thereby increasing the strength of steel. Cementite, martensrte. and bainite that precipitate in the 
55 form of f ine grains as the hard secondary phase contribute to ductility (uniform elongation). For the desired strength and 
ductility due to cementite that precipitates as the secondary phase, the content of C is 0.005% or more, preferably 
0.04% or more. C in excess of 0.30% increases strength so much as to adversely affect ductility. Therefore, the content 
of C is limited to 0.005-0.30%, preferably 0.04-0.30%. Moreover, the content of C is not more than 0.10% for the 
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the content of B is not more than 0.004%, preferably 0.0005-0.002%. 

[0061] Incidentally, each content of Ni, V, and Ti is not more than 0.1% for line pipes to have improved resistance to 
stress corrosion cracking. When used in excess of 0.1%, they adversely affecting resistance to stress corrosion crack- 
ing due to precipitation hardening. 

5 

REM : not more than 0.02% and Ca : not more than 0.01%. 

[0062] Both REM and Ca adjust the form of inclusions and improve workability. They also precipitate in the form of 
sulfide, oxide or oxysulf ide, thereby preventing the joints of steel pipe from becoming hard. They may be used alone or 
10 in combination with one another. When used excessively, they give rise to excessive inclusions, which lower cleanliness 
and adversely affect ductility. The content of REM is 0.004-0.02% and the content of Ca is 0.001 -0.01%. 
[0063] The above-mentioned composition for the steel pipe stock and steel product may additionally, contain Fe as a 
remainder and unavoidable impurities as follows. 

[0064] Unavoidable impurities are N : not more than 0.01 0%, O : not more than 0.006%, P : not more than 0.025%, 
is and S : not more than 0.020%. 

N : not morie than 0.010% 

[0065] N in an amount up to 0.010% is permissible, which is enough to form fine grains in combination with Al; how- 
20 ever, excessive N adversely affects ductility. The content of N is not more than 0.010%, preferably 0.002-0.006%. 

O : not more than 0.006% 

[0066] O in an amount up to 0.006% is permissible. The content of O is as tow as possible, because O forms oxides 
25 which adversely affect cleanliness. 

P : not more than 0.025% 

[0067] P segregates at grain boundaries, thereby adversely affecting toughness. The content of P is as low as possi- 
30 ble, although up to 0.025% is permissible. 

S : not more than 0.020% 

[0068] S in an amount up to 0.020% is permissible. The content of S is as low as possible, because S forms suKides 
35 which adversely affect cleanliness. 

[0069] The following concerns the structure of the steel pipe as the product. 

[0070] The steel pipe of the present invention is characterized by its structure composed of ferrite grains not larger, 
than 3 pm, preferably not larger than 1 urn, so that it is superior in ductility and collision and impact resistance. With 
ferrite grains coarser than 3 urn, the steel pipe will not have remarkably improved ductility and collision and impact 

40 resistance. The ferrite grain size is expressed in terms of average value of 200 or more ferrite grains regarded as circles 
which are observed under an optical or electron microscope when the cross section perpendicular to the lengthwise 
direction of the steel pipe is corroded with nitral solution. < 
[0071 ] In the present invention, the structure composed mainly of ferrite includes the one which is composed of ferrite 
alone without secondary phase and the one which is composed of ferrite and a secondary phase other than ferrite. The 

45 secondary phase other than ferrite includes martensite, bainite, and cementite. They may precipitate alone or in com- 
bination with one.another. The secondary phase should have a ratio of area not more than 30%. The secondary phase 
that has precipitated helps elongation to occur evenly at the time of deformation, thereby improving the ductility ancl, col- 
lision and impact resistance of the steel pipe. This effect becomes less significant as its ratio of area exceeds 30%. Fig. 
4 shows an example of the structure of the steel pipe of the present invention. 

so [0072] The following concerns the process for producing the steel pipe of the present invention. 

[0073] Trie process starts with heating the steel pipe stock having the above-mentioned composition. The heating 
temperature is (Ac A + 50°C) to 4O0°C. preferably 750-4O0°C. Heating beyond the upper limit deteriorates the surface 
properties and unduly increases austenite, resulting is coarse grains. Therefore, the heating temperature is not higher 
than (ACi + 50°C), preferably not higher than 750°C. Heating below the lower limit does not provide an adequate rolling 

55 temperature. Therefore, the heating temperature is preferably 400°C or higher. 

[0074] The heated steel pipe stock subsequently undergoes reducing preferably by a reducing mill of 3-rdl type or 4- 
roll type or any other types. Continuous reducing by a plurality of stands is preferable. The number of stands depends 
on the dimensions of the steel pipe stock and finished steel pipe. 
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well-balanced strength and toughness/ductility. Sample No. 1-2, which underwent lubricated rolling, shows only a little 
variation in grain size in the thickness direction. In contrast, sample Nos. 1 -4 and 1 -5 (in comparative example) are poor 
in ductility and toughness due to coarse grains. Incidentally, it was found that pearlite (P) includes, in addition to the 
lamellar structure, pseudo pearlite which does not form the lamellar structure. 

5 

Example 2 

[0084] A steel raw material having the chemical composition shown in Table 1 was made into flat strip steel of 3.2 mm 
in thickness by hot rolling. This strip steel was continuously formed into an open pipe by means of a plurality of forming 

10 rolls. The open pipe had its edges preheated above the melting point by induction heating, and the edges were butt- 
welded by using squeeze rolls. Thus there was obtained a pipe stock 31 .8 mm in diameter and 3.2 mm in wall thick- 
ness. With its bead removed by a bead cutter; the resulting electric welded pipe was heated again at the temperature 
shown in Table 3 by induction heating. It was reduced by means of a 3-roll reducing mill to form a finished pipe having 
the outside diameter shown in Table 3. 

is [0085] The finished pipe thus obtained was tested for characteristic properties, i.e., structure, grain size, tensile prop- 
erties, and toughness, in the same manner as in Example 1 . The results are shown in Table 3. 
[0086] It is noted from Table 3 that samples (Nos. 2-2, 2-3, 2-5, and 2-7) in examples pertaining to the present inven- 
tion are characterized by fine grains not greater than 3 pm and also by high elongation and toughness and well-bal- 
anced strength and toughness/ductility. By contrast, samples (Nos. 2-1, 2-4, 2-6, 2-8, and 2-9) in comparative examples 

20 are poor in ductility and toughness due to coarse grains. 

Exannple3 

[0087] A steel having the composition shown in Table 1 was prepared by using a converter, and this steel was made 
25 into a billet by the continuous casting process. After heating, this billet was made into a seamless pipe of 158 mm in 
outside diameter and 8 mm in wall thickness by using a Mannesmann mandrel mill. This seamless pipe was heated 
again to the temperature shown in Table 4 by induction heating and then reduced by means of a 3-roll reducing mill to 
form a product pipe having the outside diameter shown in Table 4. 

[0088] The product pipe thus obtained was tested for characteristic properties in the same manner as in Examples 1 
30 and 2. The results are shown in Table 4, 

[0089] It is noted from Table 4 that samples (Nos. 3-1 , 3-2, 3-4, and 3-5) in examples pertaining to the present inven- 
tion are characterized by f ine grains not greater than 3 jim and also by high elongation and toughness and well-bal- 
anced strength and toughness/ductility. By contrast samples (Nos. 3-3 and 3-6) in comparative examples are poor in 
ductility and toughness due to coarse grains. 

35 

Example 4 

[0090] A base steel pipe having the chemical composition shown in Table 5 was heated by induction to a temperature 
shown in Table 6 and then rolled into a finished steel pipe by means of a 3-roll reducing mill under the rolling conditions 
ao shown in Table 6. 

[0091] The base steel pipe in Table 6 is either solid-phase pressure-welded one or seamless one The former was 
prepared by preheating a 2.6 mm thick hot-rolled strip steel to 600°C, continuously forming it into an open pipe by 
means of a plurality of forming rolls, preheating the edges of the open pipe to 1000°C by induction, heating the edges 
to 1450°C below the melting point by induction, and pressure-welding the edges by means of a squeeze roll. It is 42.7 
45 mm in diameter and 2.6 mm in wall thickness. The seamless pipe was prepared by using a Mannesmann mandrel mill 
from a continuously cast bfllet (with heating). . 

[0092] The product pipe thus obtained was tested for tensile properties, collision and impact properties, and structure. 
The results are shown in Table 6. Tensile properties were measured by using JIS No.11 specimens. Incidentally, elon- 
gation (El) is expressed in terms of values calculated from 

50 

EI = El o x(V(a o /a))0.4 

(where El 0 is the actually measured elongation, ao is 292 mm 2 , and a is the sectional area (mm 2 ) of the specimen.) This 
converted value was used in consideration of the size effect of the specimen. Collision and impact properties were eval- 
55 uated in terms of the amount of energy which is absorbed before the amount of strain reaches 30% in the stress-strain 
curve obtained by the high-speed tensile test at a strain rate of 2000 s" 1 . incidentally, collision and impact properties are 
a measure of energy required to deform the material when an automobile actually collides at a strain rate of 1000-2000 
s 1 . The larger the amount of this energy, the better the collision and impact resistance. 
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poor in energy absorption at the time of collision and impact, and poor in sulfide stress corrosion cracking resistance.. 
Example 7 

5 [01 05] A base steel pipe having the chemical composition shown in Table 1 1 was heated by induction to a tempera- 
ture shown in Table 12 and then rolled into a product steel pipe by means of a 3-roII reducing mill under the rolling con- 
ditions shown in Table 12. The base steel pipe in this example was either electric resistance welded pipe of 1 10 mm in 
diameter and 2.0 mm in wall thickness or seamless steel pipe of 1 10 mm in diameter and 3.0 mm in wall thickness. The 
former was prepared by forming an open pipe from hot-rolled strip steel by means of a plurality of forming rolls and then 

w welding the edges by induction heating. The latter was prepared by using a Mannesmann mandrel mill from a continu- 
ously cast billet with heating. 

[0106] The product pipe thus obtained was tested for tensile properties, collision and impact properties, structure, and 
fatigue resistance. The results are shown in Table 1 2. Tensile properties and collision and impact properties were meas- 
ured in the same manner as in Example 4. Fatigue strength was measured by subjecting the finished pipe as a speci- 

75 men to cantilever reversed fatigue test (at a repeating rate of 20 Hz) in the air. 

[0107] It is noted from Table 12 that samples (Nos. 7-1 , 7-3, and 7-6 to 7-8) in examples have well-balanced ductility 
and strength, high tensile strength at high strain rate, and high energy absorption at the time of collision and impact In 
addition, they are superior in fatigue resistance. By contrast, samples (Nos. 7-2, 7-4, and 7-5) in comparative examples 
are poor in fatigue strength. Sample No. 7-2 did not undergo reducing, sample 7-5 had a ratio of reduction in diameter 

20 which is outside the specified range, and sample No. 7-4 was reduced at a temperature outside the specified range. 
Therefore, it is poor in balance between strength and ductility due to coarse ferrite grains, poor in energy absorption at 
the time of collision and impact, and poor in fatigue resistance. 

Exploitation in Industry 

25 

[01 08] The present invention provides a high-strength steel product superior in toughness and ductility on account of 
extremely fine grain size not greater than 3 pm. Therefore, it will produce a significant industrial effect of expanding the 
application area of steel products. The present invention also provides a process for efficient and easy production of 
high-strength steel pipe superior in ductility and impact resistance. Therefore, it will produce a significant industrial 
30 effect of expanding the application area of steel pipe. The present invention permits the production of steel pipes fa line 
pipes which need high strength and toughness and good stress corrosion cracking resistance. The present invention 
also permits the economical production of high-strength, high-ductility steel pipe having good fatigue resistance, with 
the amount of alloying elements reduced. 
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Steel 


Chemical composition (wt%) 


No. 
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Si 


Mn 
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Al 
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0.35 
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0.028 


0.0025 


B 
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0.25 


1.28 
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0.0025 


C 


0.25 


0.20 


0:82 


0.012 


0.007 


0.010 


0.0028 
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0.16 


0.22 


0.75 
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0.006 


0.031 


0.0033 
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Table 5 . 



Steel No. 


Chemical composition (wt%) 


AC! (°C) 


Note 




C 


Si 


Mn; 


vp ; ' 






\ N - 


0 






E , 


0.09 


0.40 


0.80[ 


0.012 


0i005 


0.035; 


0.0035 


0.0025 


770 


Example 


F 


0.08 


0.07 




- 0.015- 


0.011 


0:0|36 


0.0038 


d:0036 


760 


Example 


Q 


0.06 


0.21 


0.35: 


0013 


0.008 


0.028, 


0.0025 


0.0028 


775 


Example 


H 


0.11 


0.22 


0.45; 


0.017 


0J013 


0.018 


0.0071 


'0.0035 


775 


Example 


1 


0.21 


0.20 


6.50i 


0.016 


0,013 


0.024 ; 


0.0043 


0.0030 


770 


Example 


J 


0.03 


0.05 


0.15^ 


0:021 


0.007 


0.041 


0.0026 


0.0038 


780 


Example 


K 


0.09 


0.15 


6152 


0.024 


o;oo3 


0 004 


0.0025 


0.0026 


775 


Example 



20 



25 



30 



35 



40 



45 



50 



17 



EP0940476A1 




18 



EP 0 940 476 A1 



1 




Ex. 


2 




45 


2 


cj 




i3 


i3 


l2 


■2 


jC. Ex. 






o 


o 


o 




2 


O 


a. 


0 


1 


0 


0 


O 


0 




Ills? 


id 






o> 


a 


CM 


<o 


CD 


0 


CD 


co 


CM 


CO 


I 




© 


p 


m 
oi 


o 
ol 


o 


m 
ol 


p 


O 


0 

CO 


O 

to 


so 
!co 


O 
CO 


0 

GO 


1 






oS 


m 


o> 

CM 


a 




3 




CO 

■35 




CO 

o5 




s 




lit! 


8 


§ 


§ 


s 

ID 


& 


a 

! 00 


CO 
CO 

to 






CD 


js 


§ 


0 
r*. 
m 






CM 


to 


CM 

«r 


8 




Is 


'** 


0 

;mt 


5" 








!S 




!H 




to 


CM 

a> 

M» 


m 


m 


§ 


1 


$ 


i 




in 


K3 


O 


m 


O 

iri 


o 
in 


O 

in 


CD 


CO 


0 
in 


oi 


0 

ias 

CO 


p 

_tn\ 


O 


0 


CO 


s 




!« 


§ 


§ 


§ 


8 


s 


§ 




s 


1 


i 


I 


f 


0 




mil 




a> 




o 


o 




1 




09 


o» 






Ol 


i 
f 




Mr 


■«r 










1^ 


co 




M> 






CO 


iw 


in 

CO 


S 


s 




ite 




Q- 




s 


m 

CO 


3 




St 




iff* 




§ 


§ 


s- 


I 


CD 

s* 


1 


in 

fit* 




1 


CO 


i 


§ 




life 


CD 


o 


o 

CD 


'§ 

CO 


CO 


in 


1. 


i 

CO 


§ 

CD 




§ 

CD 


0 


0 

OS 








§ 


CP 


cp 


o 

R 




1 




O 


0 

uS 
r»« 


f 

O 
CO 




1 




n 


oi 


oi 
M* 


CM 


© 


o 


oi 




o» 
oi 




l> 
oi 
T 


oi 


oi 


oi 




i 


i 


i 




& 














t 




i 




U. 




O 


X 




ui 


a 


O 


—a 












5 


CM 

5 


CO 

5 


5 


ID 
9 


CD 

5 


5 


00 

4 


O) 

5 


f 


5 


3 


2 



<p 
> 

4J 
ro 
M 

0 
U 



» 



c 
o 



1 

c 
o 

JO 

<u 
u 
a 



© 5 
S © t> 

U>T5 

^ Q CD 

• * ^ 
4J R 

U CP 3 

• 2 8 

Q. • -H 

y H f** 
S UOtH 

• I 
M • 
P Q 

. 0 © - 
M © f-l O 

© © 

- •» 01 r-i 

O OC Oi 1 



19 



EP 0940 476 A1 




20 



EP0 940 476 A1 



i 








a 


a 


O 




a 






I'll 


o 


O 


b 


o 


o 


o 


50. 


3 


z 


o 


sift? 


*?' 




CO 




CO 


CO 


Jen 


S3 


CM 


CO 


put 


3 




s 


o 


© 


o 

CO 


m 

of 


in 


in 


IO 


t ill I? 




8 


CO 








b 


s 

CM 


CO 


cQ 






s 

CD 


s 


© 


CM. 

a 


1 


t 


s 


8 


CM 

8 


* : ff 






CM 
CO 








o 


s? 


S 






§ 


§ 


§ 


s 


? 


s 


§ 


en 

s 


CM 


CD 

in 




O 
IO 


© 
id 


o 


CM 


o 

tri 


© 






O 

in 


to 

CM 


in 


§ 


-B 


§ 


1 


§ 


8 


o 


s 




§ 










1 


09 


— 








CO 

V- 








XT 


1 












CM 


! iiii 

il-ilH 


8 


a 


s 


IP 








8 


* 


P: 


*f|e; 


o 

s 


1 


8 


1 




- 

s 


s 

to 


-: 
8 

«o 


8 


§ 


Hie 




% 




1 


§ 


o 

s 


c=> 


8 


§ 










I 


| 




s 

CO 


8 
p. 


8 




s 






CM 


CM 










o 




o 










CM 




Mf 








1 


I 


I 


I 


I 


I 






i 




-J 


—J 


'-J 




— / 


—j 


3E 




o 


O. 






CM 


cn 


2 


in 

in 




5 


3 


s 


o 
in 



> 

r 



i a) A* 



c a: 



O D.TJ 

t> ,® 

(I> rH 

2 2 3 



5 . o o • 

.. .' ?• 
JS 



Z oi ca n 



21 



EP 0 940 476 A1 



10 



15 



SO 



25 



30 



35 



40 



SO 



55 




22 



EP0 940 476A1 



10 



15 



20 



25 



30 



35 



40 



45 



SO 



Note 


a 


■a 


a 




iZ 




s 


o 


8 £ 




REM 


1 


» 


t 


900 0 




3 


1 




i 


0.003 




m 


, 




0.0011 








1 




0.007 


0.009 






l 




0.021 


0.009 






1 




0.02 


0.02 




5 






l 


0.05 


t 


6 


l 


, 0.15 


i 


0.11 






l 


0.18 


i 


0.12 


8 

Si 

E 


a 


1 


0.12 


i 


0.12 


8 


o 


1 0.0025 


0.0025 


| 0.0033 | 


0.0028 
0.0031 








0.0041 


0.0038 


0.0030 
0.0038 






1.0.032 1 


0.028 


| 0.025 I 


0.028 
0.025 




CO 


i 


I 0.001 


j 0.001 J 


0.001 
0.001 




Q_ 


: 0.011 


0.007 


! 0.008 


[0.008 
0.009 




i 


<o 
r- 
o 


1.28 


0.91 


— : © 


> 


to 


( 0.02 


0.15 


0.35 


in © 

CM O 

d o 
















o 


S 
o 


5 


© 


© © 


to * 


> 


> 3 


X 





i 


o 


u5 u3 
o o 


a 


i3 








o o o 


2 ° 


O 


o 






B H 5* 't> 

lift 8 


^ Ifl 00 


CD CO 


CO 


S 






flU 


IO Q »fl 


> O O 

• co c» 


3 


a 


q ; 

CM J 


1 


Ifi' 


a ? s 


| U> CO 




o 

a 


d 

m 5 
a 


1 






195 




s 


5 

CM 

C 




iliB 




> to CO 


g 


I 


•» 








! ft 8 










IH 


§ 1 i 


> to IO 




CO 
CO 


1 

< 






CO If 


> S3 5 






j 

te - 




O O C 


> CD o 

i £ s 


co 
in 

CM 


CO 
IO 
CM 


- ! 

— 




Mill 


a> | o 




o 


o 


o 

J 
4 




Hi 






r- 






! 




8 i s 










f 




g'' 1 


i'8l 


§ 


§ 


§ 




life 


§ 1 i 


111 


1 


1 


• 






tp , j 

g 1 < 


o co 3» 








* 


SI 


:= 3 : 


s o o 


o 


O 


o 


i 


t 


ii 


ill 


8s 


a. 

CO 


flu 

CO 


u 


> > 


s s s 


X 


>- 








22 2 






2 



cv 



CP 

u 
c 
* 

•0 

c 

0 



5*0 . «> 

o « io w 

<• f-l 
CO |4 

ft 2 ^ 

Es CD «. 

u C 



5-3 S 



9 _ O 
PS 
O oS 



© 

M 

co a 

CM 0 



55 



23 



EP0940476A1 

Claims 



25 



30 



35 



40 



45 



50 



55 



» 3. Asteelorod^h,- k- u ' ' ^ Pr0dUCt * 10000 » ™* 

11. A steel pipe as defined in Claim 9or 10 when* 
13. A steel pipe as defined in any of Claims q tn is ^ . ■ 

Pipe stock having a composition of C ■ 0 005-0 imt <Tn n !; 01 d,amet «' 's neater than 20% said stool 

inan u.5%, and Mo not more than 0 5% and fi .rth*, " e man a5% - Nl not more than 0 6% r> not 
than 0,%, T, not more than 0, % . a^lT^O Kt^^^^SK 

o.004%. and further one or more selected from REM not 
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more than 0.02% and Ca not more than 0.01%, with the remainder being Fe and unavoidable impurities. 

16. A process for producing a steel pipe having high ductility and high strength, said process comprising heating a base 
steel pipe at a temperature of (Ac-j + 50°C) to 400°C and subsequently performing reducing on it at a rolling tem- 
perature of (Ac 1 + 50°C) to 400°C such that the cumulative reduction of diameter is 20% or more, said steel pipe 
stock having a composition of C : 0.06-0.30%, Si : 0.01-1.5%, Mn : 0.01-2.0%, and Al : 0.001-0.10% on a weight 
basis, with the remainder being Fe and unavoidable impurities. 

1 7. A process for producing a steel pipe as defined in Claim 1 6, wherein said composition further contains one or more 
selected from Cu not more than 1 .0 %, Ni not more than 2.0%, Cr not more than 2.0%, and Mo not more than 1 .0% 
on a weight basis. 

18. A process for producing a steel pipe as defined in Claim 16 or 17, wherein said composition further contains one 
or more selected from Nb not more than 0.1 %, V not more than 0.3%, Ti not more than 0.2%, and B not more than 
0.004% on a weight basis. 

1 9. A process for producing a steel pipe as defined in any of Claims 1 6 to 1 8. wherein said composition further contains 
one or more selected from REM not more than 0.02 % and Ca not more than 0.01% on a weight basis. 

20. A process for producing a steel pipe as defined in any of Claims 14 to 19, wherein the heating temperature is 750- 
400°C and the rolling temperature is 750-400°C. 

21 . A process for producing a steel pipe as defined in any of Claims 1 4 to 20, wherein reducing is performed such that 
at least one of rolling passes reduces the diameter by 6% or more per pass. 

22. A process for producing a steel pipe as defined in any of Claims 1 4 to 21 , wherein reducing is performed such that 
the cumulative reduction of diameter is 60% or more. 

23. A process for producing a steel pipe as defined in any of Claims 14 to 22, wherein reducing is performed in the 
presence of a lubricant 
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FIG. 1 




700 



400 500 600 
TENSILE STRENGTH (Mpa) 

•;' SS£S^ER WARM REDUCING 



ELECTRIC WELI^ STEEl^E (AsluCH, 



FIG. 2 



1000 




20 



5 10 15 

FERRITE GRAIN SIZE Oim) 

O e=2000s (PULLED AT A HIGH SPEED) 
• e=0.025s" , (PULLED ATA NORMAL SPEED) 



26 



EP 0 940 476 A1 



FIG. 3 



SMALLER THEN 0.8pm IN DIAMETER 
SMALLER THEN 1pm IN DIAMETER 

SMALLER THEN 2pm IN DIAMETER 
SMALLER THEN 3pm IN DIAMETER 
SMALLER THEN 5pm IN DIAMETER 




500 550 600 650 700 750 800 850 
TEMPERATURE AT THE END OF ROLLING (°C) 



FIG. 4 




0.5\im 



27 



EPO 940476 A1 




28 



EP0 940 476 A1 



INTERNATIONAL SEARCH REPORT 



international application No. 
PCT/JP98/01924 



A CLASSIFICATION OF SUBJECT MATTER 

Int. CI' C22C38/O0, 38/14, 38/44, 38/54, C21D8/00, 8/10 

According to International Patent Classification (IPC) or to both national classification and IPC 



B. FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 
Int.Cl' C22C38/00-38/60, C21D8/00-8/10 



Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 

Jitsuyo Shiran Koho 1926-1996 Torofcu Jitsuyo Shinan Koho 1994-1998 

Kokai Jitsuyo Shinan Koho 1971-1998 Jitsuyo Shinan Toroku Koho 1996-1998 



Electronic data base consulted during the international search (name of data base and, where practicable, search terms used) 



C DOCUMENTS CONSIDERED TO BE RELEVANT 



Category* 



Citation of document, with indication, where appropriate, of the relevant passages 



JP, 9-279233, A (Nippon Steel Corp.)* 
October 28, 1997 (28. 10. 97) (Family; none) 

JP, 8-60239, A (Nippon Steel Corp.), 
March 5, 1996 (05. 03. 96) (Family: none) 

JP, 8-3679, A (Nippon Steel Corp.), 
January 9, 1996 (09. 01. 96) (Family: none) 

JP, 2-301540, A (Sumitomo Metal Industries, Ltd.), 

December 13, 1990 (13. 12. 90), 

Claims ; Tables 1 to 4 

k US, 5080727, A 6 EP, 372465, Al 

JP, 9-49050, A (Kobe Steel, Ltd.), 

February 18, 1997 (18. 02. 97) (Family: none) 

JP, 3-267316, A (Sumitomo Metal Industries, Ltd.), 
Hovember 28, 1991 (28. 11. 91) (Family: none) 



Relevant to claim No. 



1-23 
1, 2, 6 

1, 2 
1-4, 12 

1-23 
1-23 



| [ Further documents are lis ted in the continuation of Box C See patent family annex. 



* Special categories of died documents: 

"A* document defining the general stale of the art which is not 

considered to be of particular relevance 
"E" eaxiicf documcat fool published on or after the international filing date 
"L" document which may throw doubts oa priority daimf s) or which is 

died to establish the pubticatioo date of another d taboo or other 

special reason (as specified) 
"O" document referring to an oral (fisdosnre. use, exhibition or other 

T* document published prior to the international fifing date but later than 
the priority date claimed 



T bter document published after the international filing dale 

date and not in conflict with the application bo! died to understand 

die principle or theory underlying the invention 
"X* document erf particular rdevancc the claimed 

considered navel or cannot be considered to mvorvc an 

when the document is taken alone 
"Y* document of particular relevance; the daimed invention 

considered to Involve an Inventive step when the document 

oombincd with ooe or more other such documents, such 

bring obvious to a person skilled in the art 



Date of the actual completion of the international search 
July 28, 1998 (28. 07. 98) 



Date of mailing of the international search report 

August 11, 1998 (11. 08. 98) 



Name and mailing address of the ISA/ 

Japanese Patent office 

Facsimile No. 



Authorized officer 



Telephone No. 



Form PCT/lSA/210 (second sheet) (July 1992) 



29 



THIS PAGE BLANK (uspto) 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 



Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 



Ul BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: ' 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



BEST AVAILABLE IMAGES 




T H!S PAGE BLANK (uspto) 



